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Abstract
We consider a decaying magnetic dark matter explaining the X-ray line at 3.55 keV
shown recently from XMM-Newton observations. We introduce two singlet Majorana
fermions that have almost degenerate masses and fermion-portal couplings with a
charged scalar of weak scale mass. In our model, an approximate Z2 symmetry gives
rise to a tiny transition magnetic moment between the Majorana fermions at one
loop. The heavier Majorana fermion becomes a thermal dark matter due to the
sizable fermion-portal coupling to the SM charged fermions. We find the parameter
space for the masses of dark matter and charged scalar and their couplings, being
consistent with both the relic density and the X-ray line. Various phenomenological
constraints on the model are also discussed.
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1 Introduction
Dark matter is a dominant component of the matter density in the universe, playing a
crucial role in the structure formation and explaining the flatness of galaxy rotation curves,
etc. The evidences for dark matter are without question but there is no understanding
of the properties of dark matter such as its mass or coupling to the SM particle, except
gravitational interaction.
Recently, there was an interesting indication of dark matter [1] from the stacked X-ray
spectrum of galaxies and clusters [2], which shows an unexplained line signal at the energy
3.55 keV. A sterile neutrino having a very small mixing with the active neutrinos, can
explain the X-ray line signal by a small transition magnetic moment but the link to the
generation of neutrino masses via see-saw mechanism is unclear due to a small mixing [1].
The model building issue with keV sterile neutrino was discussed in Ref. [3]. There have
been more candidates suggested for dark matter after the X-ray line was identified [4].
In this work, we consider a decaying dark matter model with two Majorana fermions.
Similarly to the sterile neutrino case, the X-ray line can be obtained from the decay of
the heavier Majorana fermion, for a sufficiently small magnetic transition dipole moment
and a mass difference of 3.55 keV between the two Majorana fermion masses. To this
purpose, we propose a microscopic model for dark matter containing the fermion-portal
couplings with a new charged scalar [5,6]. We introduce an approximate Z2 symmetry for
the long-lived dark matter and a U(1)X global symmetry for controlling the Z2 breaking
to a small amount. As a consequence, a fermion-portal coupling for the heavier Majorana
fermion preserves Z2 and is sizable while a tiny coupling for the lighter Majorana fermion is
produced after an explicit breaking of Z2. Then, when fermion-portal couplings break CP,
a tiny transition magnetic moment between two Majorana fermions is degenerated at one
loop [7], even for the charged scalar of weak scale mass. Therefore, the heavier Majorana
fermion is sufficiently long-lived for explaining the X-ray line and it can be thermally
produced due to the sizable fermion-portal coupling to the SM charged fermion.
We study the parameter space for the masses and couplings of dark matter and the
charged scalar, that are consistent with both the X-ray line and the dark matter relic
density in our model. We also discuss the phenomenological constraints on the model,
coming from indirect and direct detection experiments, precision measurements such as
the anomalous magnetic moment of muon, and collider experiments.
The paper is organized as follows. We begin with the properties of magnetic dark matter
explaining the X-ray line and describe a microscopic model for the magnetic dark matter
in a simple extension of the SM with a charged scalar. Then, we impose the condition
for the relic density in our model and discuss the compatibility with the X-ray line signal.
Next, various phenomenological constraints on the model are given. Finally, conclusions
are drawn.
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2 Magnetic dark matter and X-ray line
We consider a magnetic dipole operator for Majorana fermion dark matter and discuss the
required properties for explaining the cluster X-ray line at 3.55 keV.
For two singlet Majorana fermions, χ1 and χ2, having masses mχ1 and mχ2 , respectively,
we introduce an effective transition magnetic operator between them as
L = mχ2
Λ2
χ¯2iσ
µνχ1Fµν + h.c. (1)
with Λ being the effective cutoff scale. Then, for mχ2 > mχ1 , the decay rate of the heavier
Majorana fermion into the light one and a photon is
Γ(χ2 → χ1 + γ) =
m5χ2
2piΛ4
(
1− m
2
χ1
m2χ2
)3
=
4m2χ2
piΛ4
E3γ (2)
where in the second line, use is made of the photon energy given by
Eγ =
1
2
mχ2
(
1− m
2
χ1
m2χ2
)
. (3)
Thus, the larger the dark matter mass, the more tuning we need between Majorana masses
for Eγ = 3.55 keV. For instance, for mχ2 = 10 GeV, we need |∆m/mχ2 | = 3.55×10−7 with
∆m ≡ mχ2 −mχ1 . For a 3.55 keV dark matter, the necessary value of the lifetime of dark
matter for the X-ray line is τDM = 0.20–1.8×1028 sec [1], which is equivalent to ΓDM = 0.36–
3.3×10−52 GeV. For mχ2 = 10 GeV, assuming that χ2 occupies the whole dark matter relic
density 1, the necessary lifetime of dark matter is rescaled to τχ2 = 0.14–1.3× 1022 sec and
the decay width of dark matter is Γχ2 = 0.51–4.6× 10−46 GeV, so the required suppression
scale of the magnetic dipole operator is then given by Λ = (0.59− 1.0)× 108 GeV.
When χ1 = ν is the SM neutrino and χ2 = νs is a sterile neutrino, a large suppression
factor necessary for the X-ray line can be attributed to a small Yukawa coupling for the
sterile neutrino. It has been shown that the 3.55 keV X-ray line can be obtained for a small
mixing angle between the SM neutrino and the sterile neutrino, θ2 ' mν
ms
∼ 10−11, and the
sterile neutrino mass, ms = 7.1 keV [1].
3 Microscopic origin of magnetic dark matter
In this section, we consider a simple model for generating a tiny magnetic dipole moment
for dark matter discussed in the previous section.
1If χ1 contributes to the dark matter relic density too, the lifetime of the χ2 particle must be smaller
so that the suppression scale becomes smaller.
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The minimal setup to obtain the magnetic dipole operator for dark matter is to in-
troduce only a charged scalar φ, that couples between two Majorana singlet fermions,
χ1 and χ2, and the SM SU(2)L-singlet charged fermion ψR, the so called fermion-portal
couplings [5, 6], as follows,
− LDM = (ψ¯PLχ1φ+ λψ¯PLχ2φ+mψψ¯RψL + c.c.) +m2φ|φ|2
+
1
2
mχ1χ1χ1 +
1
2
mχ2χ2χ2 +
(
1
2
δ χ1χ2 + c.c.
)
(4)
where the electromagnetic charges are qψR = qφ = −1 for charged leptons, qψR = qφ = +23
or −1
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for up or down-type quark, and ψL is the left-handed part of the SM charged fermion
belonging to an SU(2)L doublet.
We introduce a Z2 discrete symmetry under which χ2 and φ are odd while χ1 is even.
In this case, we get  = δ = 0 in the Lagrangian (4). Moreover, we add a U(1)X global
symmetry under which χ1 → eiαγ5χ1, χ2 → e−iαγ5χ2, and φ → eiαφ while ψ does not
transform. Then, the tree-level Majorana masses for χ1 and χ2 are forbidden, that is,
mχ1 = mχ2 = 0. We also introduce a singlet complex scalar S that transforms as S →
e−2iαS under the U(1)X global symmetry and is Z2-even. The hyper charges, U(1)X charges
and Z2 parities are summarized in Table 1.
ψR χ1L χ2L φ S
U(1)Y qψR 0 0 qψR 0
U(1)X 0 +1 −1 +1 −2
Z2 + + − − +
Table 1: Hypercharges, U(1)X charges and Z2 parities in our model.
After the S scalar gets a nonzero VEV and then the U(1)X symmetry is broken spon-
taneously, we obtain the Majorana masses as well as the Yukawa coupling as follows,
− LS = 1
2
y1Sχ¯1PLχ1 +
1
2
y2S
∗χ¯2PLχ2 +
κ
ΛUV
Sψ¯PLχ1φ+ c.c. (5)
where the last term preserves the U(1)X but it breaks the Z2 symmetry explicitly at
the UV cutoff scale ΛUV so it is the source for making dark matter to decay. Then, for
〈S〉 6= 0, we get mχ1,2 = y1,2〈S〉 and  = κ〈S〉/ΛUV . For instance, for 〈S〉 = 100 GeV
(100 TeV), κ = 0.1 − 1 and ΛUV = 108–1011 GeV (1011–1014 GeV), we get || ∼ 10−9–
10−7 and mχ1,2 ∼ 100 GeV for y1 ∼ y2 ∼ 1(10−4). Henceforth, having in mind the above
microscopic model with an approximate Z2 symmetry, we assume that δ = 0 and ||  1
in the Lagrangian (4).
We note that there exists a Goldstone boson (the imaginary part of S) after the U(1)X
symmetry is broken spontaneously. The Goldstone boson can get mass due to QCD-like
3
Figure 1: Feynman diagrams relevant for the decay of dark matter.
anomalies in the hidden sector or an explicit breaking of the U(1)X symmetry. For instance,
for 〈S〉 ∼ 100 TeV and the hidden QCD scale Λ ∼ 10 TeV, one can obtain the mass of the
Goldstone boson by ma ∼ Λ2〈S〉 ∼ 1 TeV. The Goldstone boson couples to the SM fermion
via a higher dimensional operator in eq. (5). As the charged scalar decays mostly to a SM
fermion and dark matter by fermion portal coupling, the Goldstone interaction to the SM
could not be seen at the collider. But, we will comment on the effect of the Goldstone
interaction on the cosmological predictions for dark matter in the next section.
Computing the one-loop corrections and taking mχ2 ≈ mχ1 , we obtain the effective
transition magnetic moment operator for dark matter as
Lmdm = efχ
2mχ2
χ¯2iσ
µνχ1Fµν (6)
where
fχ = Nc
Im(∗λ)
16pi2
m2χ2
[ ∫ 1
0
dx
qφx
2(1− x)
m2χ2x
2 + (m2φ −m2χ2)x+m2ψ(1− x)
+
∫ 1
0
dx
qψRx
2(1− x)
m2χ2x
2 + (m2ψ −m2χ2)x+m2φ(1− x)
]
= Nc qφ
Im(∗λ)
16pi2
m2χ2
∫ 1
0
dx
x(1− x)
m2χ2x
2 + (m2φ −m2χ2)x+m2ψ(1− x)
≈ Nc qφ Im(
∗λ)
32pi2
m2χ2
m2φ
(7)
where in the last line we assumed that mφ  mχ1,2 ,mψ and Nc is the number of colors,
which is also included for the case of a colored scalar. Even if the Dirac mass vanishes, that
is, δ = 0 in eq. 4, due to the Z2 symmetry in our model, the transition magnetic moment
does not vanish because of the CP violating fermion-portal couplings [7], meaning that
Im(∗λ) 6= 0. We also note that χ¯1σµνχ1 and χ¯2σµνχ2 are identically zero for Majorana
fermions.
Consequently, as compared to the effective operator introduced in eq.(1), we can identify
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the suppression scale of the transition magnetic moment operator as
Λ =
√
64pi2
e|qφ|Nc
mφ√|Im(∗λ)| . (8)
If  and/or λ, are small, we can allow for the charged scalar to be much lighter than the
naive cutoff estimated from the effective operator in the previous section. For instance,
for
√|Im(∗λ)| ∼ 10−4, mφ can be of order 100 GeV, which will be required for obtaining
the relic density from the thermal freezeout for λ = O(1). Therefore, for λ = O(1), we
need || ∼ 10−8 for the phase difference of order 1 between the Yukawa couplings 2. As
discussed previously, such a small  and weak-scale Majorana masses for χ1 and χ2 can be
obtained from the breaking of a U(1)X global symmetry.
We remark on the mass difference between the Majorana fermions in our model. First, a
Z2 breaking Dirac mass term, χ¯1χ2, which could split Majorana masses, is generated under
the loop corrections but it is sufficiently small due to a tiny . Second, the fermion portal
couplings, λ and , in eq. (4), do not generate one-loop Majorana masses. On the other
hand, the Yukawa couplings of the singlet scalar S, y1 and y2, in eq. (5), generate Majorana
masses at one-loop. For ma,s  mχ1,2 where ma,s are masses of singlet pseudo-scalar and
scalar of S, the one-loop Majorana masses are approximated as
δmχ1 ≈
y21mχ1
128pi2
ln
(
m2sm
2
a
m4χ1
)
, (9)
δmχ2 ≈
y22mχ2
128pi2
ln
(
m2sm
2
a
m4χ2
)
. (10)
Therefore, the mass splitting at one loop is given by
δmχ2 − δmχ1 ≈
1
128pi2
(y22mχ2 − y21mχ1) ln
(
m2sm
2
a
m4χ1
)
(11)
Consequently, for y1 ∼ y2 and mχ2−mχ1 ≈ Eγ = 3.55 GeV, the splitting between Majorana
masses remains small for explaining the X-ray line, although there is a need of fine-tuning
to keep almost degenerate Majorana masses at tree level.
4 Relic abundance
In this section, we discuss the thermal production of a decaying dark matter in our model
and the compatibility with the X-ray line.
2We note that for a small phase difference, the  coupling can be sizable too. But, in our model, a small
 is favored as it breaks the Z2 symmetry.
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Figure 2: Constraints on dark matter mass vs Z2-breaking coupling from the relic density
(Planck 5σ band) and the X-ray line. The region allowed by X-ray line only is between the
blue dashed lines while the region satisfying both X-ray line and relic density is between
black solid lines. We have taken qφ = −1. The charged scalar mass is taken between
100 GeV and 1200 GeV for the X-ray line, but it is restricted to mφ = 115 − 455 GeV by
the relic density within Planck 3σ band.
From eq. (4), the heavier Majorana state couples sizably to the SM charged fermion,
unlike the lighter Majorana state, whose coupling is suppressed by . Then, the t-channel
diagram containing the charged scalar is dominant and it gives rise to a sizable annihilation
cross section of χ2, that is appropriate for determining the right thermal relic density for
dark matter. The coannihilation between two Majorana states is suppressed by a tiny
coupling to the lighter Majorana fermion. On the other hand, the lighter Majorana state,
χ1, couples very weakly to the SM fermion so it cannot be a thermal dark matter. We note
that when the neutral scalar S introduced in eq. (5) is light and mixes with the SM Higgs,
it could lead to additional contributions to the annihilation processes of χ1 and χ2. But,
we don’t consider this possibility for simplicity. It would be worthwhile to investigate the
effect of the Higgs-portal interaction of the neutral scalar S in a separate work [8].
For the velocity times cross section of dark matter annihilation, σv = a+ bv2, the dark
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matter relic density is given by
ΩDMh
2 =
2.09× 108 GeV−1
MPl
√
g∗s(xF ) (a/xF + 3b/x2F )
, (12)
where the freeze-out temperature gives xF = mDM/TF ≈ 20 and g∗s(xF ) is the number of
the effective relativistic degrees of freedom entering in the entropy density.
In our model, the velocity times annihilation cross section for χ2χ2 → ψψ¯ is p-wave
and temperature-suppressed [5, 6] as
〈σv〉 = Nc|λ|
4
16pi
m2χ2(m
4
χ2
+m4φ)
(m2χ2 +m
2
φ)
4
· T
mχ2
. (13)
Nonetheless, the annihilation cross section can be sufficiently large for thermal dark matter.
In Fig. 2 and 3, the parameter space for dark matter couplings and mass parameters
satisfying the relic density and the dark matter decay rate required for the X-ray line is
shown in black and in blue, respectively. We imposed the 3σ band of Ωχh
2 = 0.1199±0.0027
from Planck [9] and used Γχ2 = 0.36–3.3× 10−52 GeV (mχ2/3.55 keV) for the decay rate of
dark matter.
In Fig. 2, the Z2 breaking fermon-portal coupling || compatible with the X-ray line
lies between 10−9–10−7 for weak-scale masses for dark matter and charged scalar. The
larger the  coupling, the larger the charged scalar mass for obtaining the X-ray line and
the larger the dark matter mass for explaining the relic density as well. Thus, the relic
density condition constrains charged scalar and dark matter masses as well as the  coupling
further. In the example with |λ| = 1.5, charged scalar mass ranges between 115 GeV and
455 GeV for mχ2 = 10 − 200 GeV, and there can be a lower bound on dark matter mass
from the X-ray line. In the case of a colored scalar with |λ| = 1.5, the X-ray line and the
relic density can be obtained at the same time, but the colored scalar mass is bounded
by the relic density to the values between 152 GeV and 647 GeV for mχ2 = 10− 200 GeV.
When dark matter mass is larger than 200 GeV, the colored scalar can be as heavy as about
800 GeV so it is compatible with the current LHC limits as will be discussed in Section
5.2.
In Fig. 3, for the fixed || = 10−8, we varied the Z2 preserving fermion-portal coupling
|λ| and weak-scale mass parameters, resulting in a wide range of the consistent values of
the parameters for |λ| = O(1). On the left panel of Fig. 3, both the X-ray line and the
relic density can be satisfied for |λ| = 1.3 − 2.0 for mφ = 350 GeV and || = 10−8. On
the right panel of Fig. 3, the lower bound for dark matter mass is given by about 30 GeV,
which is consistent with Fig. 2 for || = 10−8.
Before closing the section, we remark on the effects of the singlet scalar S in our model
discussed in the previous section. First, if the VEV of the singlet scalar S is of order
weak scale, the singlet real scalar of S can be light and its Yukawa couplings of Majorana
fermions, y1 and y2, can be sizable. In this case, while the Majorana fermion χ2 was
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Figure 3: Constraints on the dark matter coupling and charged scalar and dark matter
masses from the relic density (Planck 3σ band) and the X-ray line. The region allowed
by Planck (X-ray line) is between the black solid lines (blue dotted lines). We have taken
qφ = −1, || = 10−8. The red area is excluded because the charged scalar is lighter than
dark matter.
in thermal bath with the SM fermions due to the fermion portal coupling λ, its Yukawa
coupling to S could thermalize the Majorana fermion χ1 by the scattering process of χ2 to
χ1. In particular, the Goldstone boson of S could contribute dominantly to this process.
As a consequence, a resultant non-negligible abundance of χ1 could require the decay rate
of χ2 for the X-ray line to be larger than in the case where χ2 explains the full relic density
of dark matter. On the other hand, in the case of a relatively large singlet VEV, for
instance, 〈S〉 = 100 TeV, the Yukawa couplings, y1 and y2, are of order 10−4, for weak-
scale Majorana masses. In this case, for the Goldstone boson mass of ma ∼ 1 TeV, the
abundance of the Majorana χ1 produced from the scattering of χ2 can be small enough [10],
so that the current relic density is dominated by χ2. In this work, we assumed the latter
case and focused on the effect of the fermion portal coupling λ on dark matter.
We also note that the Higgs portal coupling to the singlet scalar, such as λsh|S|2|H|2
where H is the Higgs doublet, may make dark matter to annihilate into the SM particles
through the singlet scalar and affect the cosmological predictions for dark matter in our
model too. Importantly, the Majorana fermion χ1 can annihilate into a pair of the SM
particles throughout the Higgs portal coupling too, so it could be another component for
thermal dark matter. In this case, the relic density of the decaying dark matter χ2 would
be smaller so the decay rate of χ2 should be larger to accommodate the X-ray line. If the
mixing angle between the Higgs and singlet scalar is small enough, namely, θ ∼ λhsv〈S〉  1
with v the Higgs VEV, the Higgs portal coupling would affect our previous discussion
8
for dark matter little, enabling us to focus on the fermion portal coupling. The detailed
discussion on the case with non-negligible mixing angle will be done in a separate work [8].
5 Various constraints
In this section, we discuss various constraints on the model from indirect and direct detec-
tion experiments, precision measurement and collider experiments.
5.1 Indirect and direct detections
The annihilation cross section of our decaying dark matter is p-wave suppressed. Thus,
there is no bound on the model from the indirect detection experiments.
If our dark matter couples to the light quarks, dark matter can scatter elastically with
nucleons by either tree-level diagram with the charged scalar in the s-channel or t-channel
through transition magnetic moment or a box diagram containing the charged scalar. First,
the tree-level diagram for Majorana dark matter leads to only a spin-dependent cross
section [6]. So, a sizable spin-independent cross section comes only from the box diagram
involving the charged scalar, when dark matter couples to up or down quark [11, 12].
Namely, the up or down quark coupling to dark matter is bounded by direct detection
experiments such as XENON100 [13] and LUX [14]. On the other hand, the transition
magnetic moment for dark matter is suppressed for a decaying dark matter, resulting in
no sizable contribution to direct detection. The detailed discussion on direct detection will
be presented elsewhere [8].
5.2 Bounds on the charged scalar
When the charged scalar carries electromagnetic charge qφ = −1, dark matter couples
to leptons only and can contribute to the anomalous magnetic moment of the muon at
one-loop. As the heavier dark matter fermion can couple sizably to the muon, the effective
magnetic moment operator for the muon is given by
Lµ = efµ
2mµ
µ¯σµνµFµν (14)
with
fµ =
|λ|2
32pi2
m2µ
∫ 1
0
dx
qφx
2(1− x)
m2µx
2 + (m2φ −m2µ)x+m2χ2(1− x)
. (15)
9
Thus, for mφ  mχ2 ,mµ, there is a negative contribution to the anomalous magnetic
moment of the muon as
∆aµ = − |λ|
2
96pi2
m2µ
m2φ
. (16)
Therefore, there is a bound on the dark matter coupling from the measurement [15] of the
muon (g − 2)µ as |∆aµ| < 3.45 × 10−12, which leads to |λ| < 0.27 (mφ/500 GeV). This
bound is in a tension with the parameter space satisfying the relic density, when the muon
coupling determines the relic density dominantly.
The couplings of dark matter to other leptons can be constrained by flavor violating
processes. For instance, the bound on the muon decay process, Br(µ→ eγ) < 5.7×10−13 at
90% C.L. [16], constrains the additional coupling in λee¯PLχ2φ to |λe| < 0.01(mφ/100 GeV).
On the other hand, the tau coupling is less constrained as Br(τ → µ(e)γ) . 10−8 [17] so it
could give a dominant contribution to the annihilation and decay of dark matter.
Now we mention the collider bounds briefly. When the charged scalar couples to light
quarks, it can be produced copiously at the LHC by gluon fusion or quark-gluon interaction,
leading to monojet or two jets plus missing energy in the final state [6]. When the charged
scalar couples to leptons, it can be produced by Drell-Yann process at the LHC or the ILC.
The signature is one or two leptons plus missing energy. The upgraded LHC can cover
the parameter space relevant for the decaying dark matter saturating the relic density
as well as explaining the X-ray line. According to the current ATLAS and CMS data
[18] , we have excluded the masses of the charged scalar 90 GeV . mφ . 325 GeV and
110 GeV . mφ . 280 GeV, respectively, for leptonic scalars, and mφ . 640(680) GeV and
mφ . 620(700) GeV, respectively, for colored scalars such as stop (sbottom) [19] but the
limits depend on the decaying processes of the charged scalar and the mass gap. On the
other hand, LEP leads to a less model-dependent bound, mφ & 100 GeV [20]. Depending
on the models, the previous collider limits and the LHC Run II can constrain the charged
scalar masses explaining the X-ray line. For instance, for |λ| = 1.5, the lepton model with
325 GeV . mφ . 500 GeV or the quark model with 640 GeV . mφ . 800 GeV can be
searched for in the LHC Run II.
6 Conclusions
We have studied a simple model of dark matter with two singlet Majorana fermions,
explaining the X-ray line as the decay product of dark matter through a transition magnetic
moment. We showed that a tiny value of the transition magnetic moment is generated at
one loop by the interplay between the CP violating fermion-portal couplings of a charged
scalar to the two Majorana fermions: one to the heavier state preserves Z2 and the other
to the lighter state breaks Z2 by a tiny amount. Therefore, even with a weak-scale charged
scalar, the heavier Majorana fermion decays into the lighter one with a sufficiently long
lifetime, emitting the X-ray line at 3.55 keV. Moreover, the decaying Majorana fermion
10
can be a thermal dark matter due the sizable Z2-symmetric coupling to the SM charged
fermions. It was shown that the proposed model can satisfy the current bounds from the
relic density and various experiments and it can be testable in the upgraded LHC.
Acknowledgments
The author would like to thank Young Min Kim for helpful discussion on the work. The
work of HML is supported in part by Basic Science Research Program through the National
Research Foundation of Korea (NRF) funded by the Ministry of Education, Science and
Technology (2013R1A1A2007919).
References
[1] E. Bulbul, M. Markevitch, A. Foster, R. K. Smith, M. Loewenstein and S. W. Ran-
dall, arXiv:1402.2301 [astro-ph.CO]; A. Boyarsky, O. Ruchayskiy, D. Iakubovskyi
and J. Franse, arXiv:1402.4119 [astro-ph.CO].
[2] XMM-Newton Science Analysis System, http://xmm.esa.int/sas/
[3] A. Merle, Int. J. Mod. Phys. D 22 (2013) 1330020 [arXiv:1302.2625 [hep-ph]].
[4] H. Ishida, K. S. Jeong and F. Takahashi, arXiv:1402.5837 [hep-ph]; D. P. Finkbeiner
and N. Weiner, arXiv:1402.6671 [hep-ph]; T. Higaki, K. S. Jeong and F. Takahashi,
arXiv:1402.6965 [hep-ph]; J. Jaeckel, J. Redondo and A. Ringwald, arXiv:1402.7335
[hep-ph]; H. M. Lee, S. C. Park and W. -I. Park, arXiv:1403.0865 [astro-ph.CO];
R. Krall, M. Reece and T. Roxlo, arXiv:1403.1240 [hep-ph]; K. Kong, J. -C. Park
and S. C. Park, arXiv:1403.1536 [hep-ph]; M. Frandsen, F. Sannino, I. M. Shoemaker
and O. Svendsen, arXiv:1403.1570 [hep-ph]; K. -Y. Choi and O. Seto, arXiv:1403.1782
[hep-ph]; S. Baek and H. Okada, arXiv:1403.1710 [hep-ph]; M. Cicoli, J. P. Conlon,
M. C. D. Marsh and M. Rummel, arXiv:1403.2370 [hep-ph]; F. Bezrukov and D. Gor-
bunov, arXiv:1403.4638 [hep-ph]; C. Kolda and J. Unwin, arXiv:1403.5580 [hep-ph];
R. Allahverdi, B. Dutta and Y. Gao, arXiv:1403.5717 [hep-ph]; N. -E. Bomark and
L. Roszkowski, arXiv:1403.6503 [hep-ph]; S. P. Liew, arXiv:1403.6621 [hep-ph]; P. Ko,
Z. kang, T. Li and Y. Liu, arXiv:1403.7742 [hep-ph]; S. V. Demidov and D. S. Gor-
bunov, arXiv:1404.1339 [hep-ph]; F. S. Queiroz and K. Sinha, arXiv:1404.1400 [hep-
ph]; E. Dudas, L. Heurtier and Y. Mambrini, arXiv:1404.1927 [hep-ph]; K. S. Babu
and R. N. Mohapatra, arXiv:1404.2220 [hep-ph]; J. M. Cline, Y. Farzan, Z. Liu,
G. D. Moore and W. Xue, arXiv:1404.3729 [hep-ph].
[5] T. Bringmann, X. Huang, A. Ibarra, S. Vogl and C. Weniger, JCAP 1207 (2012) 054
[arXiv:1203.1312 [hep-ph]]; M. Garny, A. Ibarra, M. Pato and S. Vogl, JCAP 1312
11
(2013) 046 [arXiv:1306.6342 [hep-ph]]; M. Garny, A. Ibarra, S. Rydbeck and S. Vogl,
arXiv:1403.4634 [hep-ph].
[6] Y. Bai and J. Berger, JHEP 1311 (2013) 171 [arXiv:1308.0612 [hep-ph]].
[7] D. Schmidt, T. Schwetz and T. Toma, Phys. Rev. D 85 (2012) 073009
[arXiv:1201.0906 [hep-ph]]; K. P. Modak, arXiv:1404.3676 [hep-ph].
[8] Y. M. Kim and H. M. Lee, work in progress.
[9] P. A. R. Ade et al. [Planck Collaboration], arXiv:1303.5076 [astro-ph.CO].
[10] M. Klasen and C. E. Yaguna, JCAP 1311 (2013) 039 [arXiv:1309.2777 [hep-ph]].
[11] P. Agrawal, B. Batell, D. Hooper and T. Lin, arXiv:1404.1373 [hep-ph].
[12] S. Ipek, D. McKeen and A. E. Nelson, arXiv:1404.3716 [hep-ph].
[13] E. Aprile et al. [XENON100 Collaboration], Phys. Rev. Lett. 109 (2012) 181301
[arXiv:1207.5988 [astro-ph.CO]].
[14] D. S. Akerib et al. [LUX Collaboration], arXiv:1310.8214 [astro-ph.CO].
[15] H. N. Brown et al. [Muon g-2 Collaboration], Phys. Rev. Lett. 86 (2001) 2227 [hep-
ex/0102017]; K. Hagiwara, R. Liao, A. D. Martin, D. Nomura and T. Teubner, J.
Phys. G 38 (2011) 085003 [arXiv:1105.3149 [hep-ph]].
[16] J. Adam et al. [MEG Collaboration], Phys. Rev. Lett. 110 (2013) 20, 201801
[arXiv:1303.0754 [hep-ex]].
[17] B. Aubert et al. [BaBar Collaboration], Phys. Rev. Lett. 104 (2010) 021802
[arXiv:0908.2381 [hep-ex]].
[18] G. Aad et al. [ATLAS Collaboration], JHEP 1405 (2014) 071 [arXiv:1403.5294 [hep-
ex]]. V. Khachatryan et al. [CMS Collaboration], arXiv:1405.7570 [hep-ex].
[19] G. Aad et al. [ATLAS Collaboration], arXiv:1403.4853 [hep-ex]; G. Aad et al. [AT-
LAS Collaboration], arXiv:1406.1122 [hep-ex]; G. Aad et al. [ ATLAS Collaboration],
arXiv:1407.0583 [hep-ex]; G. Aad et al. [ATLAS Collaboration], JHEP 1310 (2013)
189 [arXiv:1308.2631 [hep-ex]]; S. Chatrchyan et al. [CMS Collaboration], Eur. Phys.
J. C 73 (2013) 2677 [arXiv:1308.1586 [hep-ex]]. CMS-PAS-SUS-14-011; CMS-PAS-
SUS-13-011 CMS-PAS-SUS-13-018.
[20] A. Heister et al. [ALEPH Collaboration], Phys. Lett. B 526 (2002) 206 [hep-
ex/0112011].
12
